Previously, American black bears (Ursus americanus) were thought to follow the pattern of female philopatry and malebiased dispersal. However, recent studies have identified deviations from this pattern. Such flexibility in dispersal patterns can allow individuals greater ability to acclimate to changing environments. We explored dispersal and spatial genetic relatedness patterns across ten black bear populations-including long established (historic), with known reproduction >50 years ago, and newly established (recent) populations, with reproduction recorded <50 years ago-in the Interior Highlands and Southern Appalachian Mountains, United States. We used spatially explicit, individual-based genetic simulations to model gene flow under scenarios with varying levels of population density, genetic diversity, and female philopatry. Using measures of genetic distance and spatial autocorrelation, we compared metrics between sexes, between population types (historic and recent), and among simulated scenarios which varied in density, genetic diversity, and sex-biased philopatry. In empirical populations, females in recent populations exhibited stronger patterns of isolation-by-distance (IBD) than females and males in historic populations. In simulated populations, low-density populations had a stronger indication of IBD than medium-to high-density populations; however, this effect varied in empirical populations. Condition-dependent dispersal strategies may permit species to cope with novel conditions and rapidly expand populations. Pattern-process modeling can provide qualitative and quantitative means to explore variable dispersal patterns, and could be employed in other species, particularly to anticipate range shifts in response to changing climate and habitat conditions.
Introduction
Dispersal mediates population and genetic connectivity (Bacles et al. 2006; Bohonak 1999; ) and influences population dynamics (Hestbeck 1982; Morales et al. 2010) , making it central to understanding the survival and persistence of organisms across their range. With increasing habitat fragmentation, shifts in climate, and expanding human populations, the ability of individual animals to move across landscapes and disperse to new habitats is critical for maintaining populations (Clark et al. 2001; Cushman 2006; Fahrig 2003; Lindenmayer and Fischer 2007; Neubert and Caswell 2000) . Thus, improving understanding of dispersal strategies in fragmented landscapes can facilitate modeling movements of organisms and inform conservation and management efforts (Travis et al. 2013) .
Dispersing individuals encounter costs associated with energy expenditure from movement, competition, and acquisition of resources, yet there are also benefits (Clobert et al. 2012; Travis et al. 2013) . Specifically, sex-biased dispersal can reduce mate and resource competition (Greenwood 1980) , limit inbreeding (Pusey 1987) , and reduce kin competition (Lawson Handley and Perrin 2007) . Further, condition-dependent dispersal strategies are often superior to static strategies, allowing organisms to respond to changing environments (Bowler and Benton 2005) .
Since the 1980s, American black bears (Ursus americanus) have recolonized previously extirpated portions of their range (Pelton and van Manen 1994; Scheick and McCown 2014) , as have other carnivores including cougars and wolves (LaRue et al. 2012; Pletscher et al. 1997 ). This recolonization into historic portions of their range by black bears provides an example of successful expansion into a changing landscape (Scheick and McCown 2014) and presents an opportunity to compare population processes between recently established and long-standing populations. Additionally, though bears typically exhibit female philopatry and male-biased dispersal (Costello 2010; Rogers 1987; Taberlet et al. 1995; Zedrosser et al. 2007 ), several recent studies observed variation in these processes (Costello et al. 2008; Jerina and Adamic 2008; Moore et al. 2014; Roy et al. 2012; Schenk et al. 1998) . For instance, in the Lower Peninsula of Michigan, 21% of female and 76% of male black bears dispersed, suggesting variation in dispersal strategy within each sex (Moore et al. 2014 ). Female Samples from the Interior Highlands were: Arkansas Ouachita Mountains (OU; n = 77), Arkansas Ozark Mountains (OZ; n = 96), Oklahoma (OK; n = 20), and Missouri (MO; n = 110). Samples from the Southern Appalachians: were Big South Fork KY (BSF; n = 19), Pine Mountain KY (PM; n = 84), Tennessee (TN; n = 22), Virginia (VA; n = 8), and West Virginia (WV; n = 29). The range of American black bears (Scheick and McCown 2014) is displayed in the top left. In the main map, historic populations shown as blue circles; recent populations shown as green squares where the Missouri inset map identifies MO-MO and MO-OZ samples in light and dark green, respectively. Note that the arrows show approximate direction from historic to recent populations disregarding that sampling areas are a fraction of total population area. Base layer (ESRI 2009) philopatry was not detected in a population of black bears in northern Ontario (Schenk et al. 1998) , nor in a high-density population in Québec (Roy et al. 2012) . Further, female brown (U. arctos) bears exhibited long distance dispersal into unoccupied habitat (Jerina and Adamic 2008; Swenson et al. 1998) , indicating the potential for flexibility in dispersal, particularly into novel environments.
Variation in bear dispersal strategy has been attributed to density differences (Roy et al. 2012 ). However, a number of studies suggest that density alone does not explain variation in bear dispersal strategies (Costello et al. 2008; Moore et al. 2014) . Indeed, the probability and distance of natal dispersal increased as density decreased for some populations of black and brown bears (Moore et al. 2014; Roy et al. 2012; Støen et al. 2006) . Predation, in the form of harvest, may also play a role. When exposed to high levels of harvest, male black bears in a low-density population dispersed shorter distances than bears in a high-density population, likely increasing competition with related individuals of both sexes for resources (Costello et al. 2008) . Therefore, additional factors may mediate the effects of density on philopatry and dispersal.
To characterize black bear dispersal, we focused on populations from two distinct regions in the United States, the Interior Highlands and the Southern Appalachian Mountains (Fig. 1 ). While these regions are geographically close, they are separated by unsuitable bear habitat and Puckett et al. (2015) estimated that these populations of bears diverged 11 kya. Black bears in the Interior Highlands and in the Kentucky portion of the Southern Appalachians were considered extirpated by the early twentieth century (Smith and Clark 1994; Unger et al. 2013 ), but reintroductions and natural recolonization have contributed to population growth in both regions (Bales et al. 2005; Smith and Clark 1994; Unger et al. 2013) (Fig. 1) . Importantly, in each of these regions, both recently established (hereafter "recent") and historic populations exist, allowing the unique opportunity to compare multiple recent and historic populations within two independently evolving geographic regions. Historic populations have existed longer and often served as a source of the individuals that contributed to forming the recent populations Unger et al. 2013) . Recent populations were established by founding individuals from historic populations, by recovery from severe bottlenecks, or by reintroductions after 1995 Unger et al. 2013) ; substantial unoccupied habitat surrounds these populations, allowing for potential continued range expansion. To complement our empirical data, we used individual-based, spatially explicit genetic simulations with the goal of qualitatively comparing empirical and simulated data sets by simulating processes inferred from the observed patterns (i.e., pattern-process modeling; Cushman 2014 , Landguth et al. 2014 Shirk et al. 2012 ).
Our objective was to characterize variation in patterns of dispersal across historic and recent populations from two distinct regions. Specifically, we compared data from historic and recent populations by observing spatial genetic structure among dyads (i.e., female, male, all) to assess whether observed patterns were congruent with variable dispersal strategies. To further evaluate potential patterns in spatial genetic structure, we simulated the interacting effects of density, genetic diversity, and sex-biased philopatry on female and male dispersal patterns and subsequent spatial genetic structure. Pattern-process models that incorporate dispersal with demographic information can help us consider possible distribution patterns in response to changing environmental conditions. We classified populations as "historic" or "recent," with those known to have formed breeding populations after 1970 considered recently established (Bales et al. 2005; Smith and Clark 1994; Unger et al. 2013 ). Both population types have dispersing individuals; however, recent populations have not fully recolonized the landscape and hence space may be less limited. Population genetic structure has been investigated in both regions and forms the basis for our population divisions (Hast 2010; Puckett et al. 2014) . Because two distinct evolutionary clusters (MO-MO and MO-OZ) were detected in Missouri , we separated those samples into populations to analyze separately. These individuals are sympatric and genotypes are expected to homogenize over time; however, as of 2014, a single F1 offspring had been genotyped ). Consequently, we split these groups due to (1) not recently shared ancestry for the ecological/evolutionary process of natal dispersal we are studying here and (2) we would overestimate unrelated dyads in the population thus skewing the summary statistics analyzed. In addition, population genetic structure analyses revealed that the MO-MO population has low genetic diversity and may represent a remnant population in the region . However, because reproduction in MO-MO was not detected until recently (MDC 2008) , population size is low , and there is available unoccupied habitat in this region, we grouped this with recent populations for analysis. Sample sizes, sexes, and classifications are reported in Table 1 .
Methods

Sample acquisition and genotyping
Microsatellite genotyping
In the Interior Highlands, we genotyped samples at 15 microsatellite loci ): G1A, G10B, G10C, G1D, G10J, G10L, G10M, G10O, G10P, G10U, UarMU05, UarMU10, UarMU23, UarMU59, and P2H03 (Kristensen et al. 2011; Paetkau et al. 1998a; Sanderlin et al. 2009; Taberlet et al. 1997) . We used the marker AmelFrag to determine sex (Kristensen et al. 2011) . Samples from the Southern Appalachian Mountains were genotyped by Wildlife Genetics International (Nelson, British Columbia, CA) at 20 microsatellite loci: G10B, G10H, G10J, G10P, G10M, G10L, G1D, G1A, G10X, G10U, G10C, UarMU59, UarMU23, UarMU50, UarMU51, Cxx20, Cxx110, 145P07, 144A06, and CPH9 (Fredholm and Winterø 1995; Paetkau et al. 1998a; Taberlet et al. 1997) . Sex was determined using sex-specific differences in the amelogenin gene (Ennis and Gallagher 1994) . We used Microsatellite Toolkit in Excel (Park 2001) to calculate the number of alleles and standard deviation for population, and HP-Rare (Kalinowski 2005) to determine the number of private alleles (Table S1 ).
Empirical data analysis
We separated our genetic data analyses into dyad type within each population (all, female-female (FF), and male-male (MM)), as well as population type (historic and recent). We then used MLRelate (Kalinowski et al. 2006) to determine the likely relationship (parent-offspring, full sibling, half sibling, and unrelated) for each dyad within Kristensen (2013) b McLean and Pelton (1994) c Tredick and Vaughan (2009) d Bales et al. (2005) e Wilton et al. (2014) . Note that density for MO-MO and MO-OZ was jointly estimated f Murphy et al. (2016) each population and to obtain the maximum likelihood estimate coefficient of relatedness. We tested for the degree of spatial autocorrelation across dyad and population type using Multiple Pop Subsets in GENALEX v6.501 (Peakall and Smouse 2012) . Differences in spatial autocorrelation allow for detection of sex-biased dispersal (Banks and Peakall 2012) . We tested significance at each distance class (1, 3, 6, 9, 15, 30 , and 45 km) using 1000 bootstrap replicates to calculate the average and 95% confidence intervals of relatedness (Banks and Peakall, 2012) . Distance classes indicate how far individuals are from one another. The distance classes were based on prior studies of spatial structuring in bears (Costello et al. 2008; Roy et al. 2012 ). The following classes each had biological significance, indicating points where effects of philopatry might drop off: 1 km distance class isolated potential mother-cub pairings, 3 km denoted the approximate dispersal distance of a female offspring under conditions of philopatry, 6 km was a typical mating distance, 45 km represented an estimated dispersal distance of male offspring, and the remaining distances provide intermediate values, allowing us to assess the pattern of spatial autocorrelation across the landscape (Costello et al. 2008; Roy et al. 2012) . Because female relatedness rapidly declined by 6 km, we also ran an ANOVA to compare relative frequency of closely related individuals (parent-offspring, full sibling, and half siblings from MLRelate) of males vs. females in the 6 km distance class.
We performed isolation-by-distance (IBD) tests (i.e., Mantel test; (Mantel 1967 ) using matrices of genetic and Euclidean distance in the R library 'ecodist' v1.2.2 (Goslee and Urban 2007) . At the individual level, we first calculated the proportion of shared alleles (Ps), with the distance measure calculated as 1-Ps (Dps; Bowcock et al. 1994 ) to obtain our genetic distance matrices for each dyad type within each population. To generate Euclidean distance matrices for each population, we determined a location for each bear. For bears from OK and the Southern Appalachians (BSF, PM, TN, VA, and WV), we used the coordinates where samples were collected. For bears from the Interior Highlands detected as part of a mark-recapture study using hair snares, we calculated activity centers using the 'fxi' function in the 'secr' package (Efford 2013) in program R (R Core Team 2016). If a bear from the Interior Highlands was only detected once, we used the location at which it was detected as the home range center. A subset of samples from MO were from GPS collared animals ; therefore, home range centers were calculated using fixed kernel density estimates in Geospatial Modeling Environment v0.7.2.0 with plug-in smoothing parameter (Beyer 2012) . We calculated distances between locations of detection or home range centers for individuals within each population using the point distance analysis with a 10 km radius in ArcGIS v10.1 (ESRI, Redlands, CA). We plotted genetic distance vs. Euclidean distance for each combination, which also confirmed linearity before each Mantel test (Zeller et al. 2016) and determined that untransformed matrices produced the best fit. Virginia was not included in these calculations due to low sample size (n = 8). We used a Bonferroni correction to account for multiple comparisons.
To assess evidence of sex-biased philopatry through landscape-level spatial genetic structuring (Banks and Peakall 2012) , we generated a linear regression of genetic distance (Dps) on Euclidean distance for each dyad combination within a population, then recorded the slope of the linear model, where a high slope indicated greater population structuring (Paquette et al. 2010) . We compared slopes between sexes using a Mann-Whitney U test in program R (wilcox.test) within each population. Significant (P ≤ 0.05) differences were identified based upon Z-scores (Paquette et al. 2010 ).
Simulations
We used CDPOP v1.2.30 (Landguth and Cushman 2010) , an individual-based simulator of population genetic processes. It simulates mating and dispersal in a finite population assigned to fixed locations, recording allele usage by all individuals per generation. In each generation, adult individuals mate according to a user-specified mating system and probability function based on proximity in Euclidean (or effective landscape) distance. Once mated, females give birth to a number of offspring determined by a user-specified probability function which can also control the sex ratio at birth. After birth, adult mortality occurs probabilistically based on userspecified demographic parameters. Finally, vacant locations where adults died are filled by dispersing offspring. Dispersal probabilities follow a user-specified function based on Euclidean or effective distances to the vacant locations. If all locations are occupied, any remaining offspring not yet assigned to a location are eliminated (Balloux 2001) .
The goal of our simulation experiment was to identify explanatory variables that produced patterns in spatial genetic structure qualitatively similar to those observed in the empirical data by controlling for factors in the simulation design that cannot be extracted from empirical data (Cushman 2014) . We created 12 models using a factorial design: (1) philopatry with two levels for female philopatry and no philopatry, (2) genetic diversity with levels low and high, and (3) density with three levels 2, 12, and 25 bears per 100 km 2 in a 100 × 100 km neutral landscape model. Dispersal and mating probabilities were a function of the inverse square of the pairwise Euclidean distances between individuals, with the following given maximum distance thresholds. To simulate female philopatry, we constrained dispersal movements to a maximum threshold of 20 km for females and 60 km for males in the models with female philopatry, whereas for all other models, both sexes had a 60 km dispersal threshold (Costello 2010; Moore et al. 2014) . For the genetic diversity factor, allele frequencies at generation 0 were equivalent to frequencies for 15 microsatellite loci from the OZ (high diversity) and MO-MO (low diversity) populations observed in Puckett et al. (2014) ; the mutation rate was set to 0.0005 per year (near the lower range of mammalian microsatellite mutation rates (Ellegren 2000) . We set the maximum distance that bears were permitted to move to find a mate at 20 km (Costello et al. 2009 ). Age distribution and mortality were based on previous work (Clark 1991; Clark and Smith 1994) . Each mated female produced offspring of an equal sex ratio drawn from a Poisson process of mean 2, which ensured a constant population each time step (year). Females and males were allowed to mate with replacement, allowing for multiple matings within a season (Kovach and Powell 2003) . All simulations ran for 95 years (approximately 15 bear generations), with 10 replicate simulations of each factorial combination (hereafter scenario) to evaluate variation in this genetic process.
Simulated data analysis
To understand how philopatry, genetic diversity, and density interacted, we calculated slopes from individual linear regressions of genetic distance (Dps) on geographic distance, similar to the observed data (Paquette et al. 2010) . The density factor produced uneven sample sizes between scenarios; therefore, we randomly subsampled 30 slopes from each repetition of each scenario for both female (FF) and male (MM) dyads for a final sample size of 7200. We used a Kolmogorov-Smirnov test in R ("ks.test'") to confirm that each random sample was drawn from the same distribution as the full dataset. We ran a four-factor ANOVA (philopatry, genetic diversity, density, and sex) in R v3.2.4 (R Core Team 2016) on the slopes to understand how factors interacted with each other and which factors contributed to differences among the 12 scenarios. We also ran the tests of IBD as conducted with the observed data, but averaged these across 10 replicate simulations for each scenario and sex combination.
To understand how sampling variation may influence results, we conducted a simulation with philopatry, high genetic diversity, and 12 bears per 100 km 2 on a 200 × 200 km landscape. To compare how landscape size from which samples were taken affected results, we sampled all individuals within the full landscape, then randomly subsampled at both 100 × 100 km and 50 × 50 km areas centered at the origin, thus measuring core habitat. We ran individual linear regressions then randomly subsampled 30 slopes to calculate means and variance. To investigate how the proportion of individuals sampled within a landscape affected slope estimates, we randomly subsampled the 50 × 50 km area at 50, 25, and 10% of total individuals; then ran linear regressions, and subsampled 30 slopes to calculate the means and variance. We compared scenarios using a two-factor ANOVA between the variable of interest (landscape area or proportion individuals sampled) and sex with an interaction term included. 
Results
Empirical data
We observed differences in spatial genetic structure based on both sex (FF and MM dyads) and our classification of populations as historic or recent (Fig. 2 and Fig. S1 ). Specifically, there was a difference in spatial autocorrelation between sexes (Ω = 15.56, P = 0.005) when sex was compared across all populations (Fig. S1A) . This difference was due to higher relatedness of females at 1 and 3 km (Ω = 62.08, P = 0.001) than in males (Ω = 15.88, P = 0.323); however, relatedness rapidly declined in females by 6 km (Fig. S1A) . When both sex and population type were considered, at 1 and 3 km distance classes, females in recent populations had higher relatedness than females in historic populations and males in both population types (Figs. 2a, e) .
Spatial autocorrelation was significant for females in historic (Ω = 56.34, P = 0.001) and recent populations (Ω = 44.11, P = 0.001), and males (Ω = 34.23, P = 0.003) in historic populations. Spatial autocorrelation persisted only through 3 km for recent populations and 6 km for historic populations (Figs. 2a, e and Fig. S2 ). There was a greater relative frequency of related FF than MM dyads within close proximity (<6 km; F = 10.1, P = 0.007); relative frequency for females with close relatives in this distance class ranged from 24 to 100%, whereas for males it ranged from 0 to 63% (Tables S2 and S3 ). Thus while females were more likely to have relatives within close proximity, this is not exclusively the case, and also occurs in males.
Spatial genetic structure differed across populations for each sex (Table 2; Fig. 3 ). In three historic populations (OU, OZ, and WV) and three recent populations (MO-MO, PM, and OK) we detected a significant difference between FF and MM dyads (Table 1 and Figs. 4b, d ). Thus, differences in sex-biased dispersal occurred between population types. Notably, MO-MO had higher DPS relatedness in both sexes than other populations (Fig. 3c) and a significantly higher percentage of related dyads than other populations (Tables S1, S2 and Figure S3 ). For all MO-MO dyads, even male dyads, we detected a significant correlation between genetic and geographic distance (Table 2 ). Due to the departure of this population from all other populations, we reran the spatial autocorrelation analysis without MO-MO ( Figure S1B ) and observed the same patterns of significance when comparing sex and population type (Figs. 2a, e) .
Simulated data
Spatial autocorrelation varied across simulated scenarios (Fig. 2b-d, f-h ). The four-factor (philopatry, genetic diversity, density, and sex) ANOVA of linear regression slopes of genetic distance (Dps) on geographic distance, for each simulated scenario was significant (P < 0.0001; Fig. 4a, c, Fig. S4 and Table S4 ). There was a significant three-way interaction of philopatry-density-sex, with corresponding two-way interactions between philopatry-sex, and density-sex (Table S4 ). The philopatry by sex interaction was characterized by similar levels of spatial genetic structure within scenarios without philopatry, whereas, in philopatric scenarios, results differed between sexes. Mantel tests of IBD indicated that philopatric scenarios had greater spatial genetic structure than non-philopatric scenarios for all dyads, with FF dyads having greater spatial genetic structure than MM dyads (Table 3 ). The significant density by sex interaction identified that spatial genetic structure increased for males more rapidly than for females as population density increased. Genetic diversity, density, and Values reported for all dyads, female-female dyads, and male-male dyads (Bonferroni adjusted α = 0.017).
P-values were adjusted with the Mantel test. Population abbreviations follow Table 1 Bold values indicate statistical significance.
sex were also significant main effects (Table S4) . Scenarios with low density had greater spatial genetic structure than those with medium to high density in Mantel tests and FF dyads also had greater structure than MM dyads across all scenarios (Table 3) . We ran an independent simulation to investigate how sampling variation may influence estimates of sex-specific spatial genetic structure. We found an inverse relationship between landscape size and estimated slope (P < 0.0001; Figure S5A ). However, there was not a significant difference (P = 0.883) between the proportion of individuals sampled within a fixed sized landscape ( Figure S5B ) using 10, 25, 50, and 100% of randomly sampled individuals.
Discussion
In our study, we observed variation in sex-biased dispersal of black bears and greater evidence for spatial genetic structure in recent than in historic populations (Figs. 2, 4 and Table 2 ). Simulations mirrored classical population genetics in that low density resulted in greater spatial genetic structure and corroborated our empirical findings by demonstrating that both density and female philopatry influenced spatial genetic structuring. Specifically, our simulations suggested that higher densities decreased the spatial genetic structure, while females under philopatric conditions counteracted this result by increasing spatial genetic structure. Greater spatial genetic structure in females has traditionally been viewed as a result of female philopatry and male-biased dispersal (Costello 2010; Rogers 1987) . Our empirical results support this finding, as well as demonstrate variation in effect for each of these factors (Figs. 2 and 4 and Table S1 ).
Effects of density on dispersal
Although less common than positive density-dependent dispersal, some species exhibit negative density-dependent dispersal in response to improved access to resources and reduced competition. This occurs when settling near relatives confers fitness benefits (Bowler and Benton 2005;  There was variability in sample size and sampling scheme across populations, so caution should be used in interpreting results. Because patterns shift little after 60 km, data are displayed only through that distance though some populations had pairs farther apart; these are displayed in Figure S6 Matthysen 2005), and has been observed in black and brown bears (Moore et al. 2014; Roy et al. 2012; Støen et al. 2006) . Results from our simulations showed spatial genetic structure across all densities, but with greater structure in low-density populations (Table 3 ). In the observed high-density populations (OK, OZ, TN), females were not spatially structured (Table 2) . These results, together with previous findings of negative densitydependent dispersal in female black bears (Roy et al. 2012 ), lack of detectible female philopatry (Schenk et al. 1998) , and reduced sex-biased dispersal in a low-density population in New Mexico (Costello et al. 2008) , indicate that factors other than density (e.g., landscape matrix and local environmental conditions; Pflüger and Balkenhol 2014) may contribute to distribution. Local factors including habitat suitability and connectivity may be more important or interact with density to influence spatial genetic structure Clobert et al. 2009; Rodrigues and Johnstone 2014; White et al. 2012) .
In our simulations, low diversity, which has often been observed in isolated populations (Keyghobadi 2007; Paetkau et al. 1998b) , did not by itself result in higher levels of spatial genetic structure (Table 3) . However, increased costs of movement due to distance or landscape complexity may further affect spatial relatedness (Bowler and Benton 2005; Ricketts 2001) . Two populations in this study (MO-MO and BSF) were geographically isolated (Hast 2010; Puckett et al. 2014) . MO-MO, in particular, displayed higher overall relatedness and males exhibited spatial genetic structure. The high relatedness of male dyads could have resulted from genetic drift following a bottleneck or losses given long-term low population size . Harvest of male black bears in low-density populations also could reduce the number of unrelated mating pairs, increasing genetic relatedness of male black bears (Costello b a d c Fig. 4 Mean and standard deviations of slope from linear regressions of genetic (Dps) and geographic distance in the simulated a, c and observed b, d data for female a, b and male c, d dyads. The x-axis in all panels is density, where densities for the simulated data included low, medium, and high densities equal to 2, 12, and 25 bears per 100 km 2 ; population-specific densities for the observed data as reported in Table 1 . For the simulated data, lighter colors indicated the philopatry scenarios and darker colors the no philopatry scenarios; circles and triangles represent low and high genetic diversity scenarios, respectively. Populations from the observed dataset included the following historic populations (squares; TN (yellow), WV (brown; Uunknown density), OZ (moss), and OU (blue)) and recent populations (circles; BSF (red), PM (orange), MO-MO (light green), MO-OZ (forest green), and OK (purple)) Values reported for all, female-female, and male-male dyads. All were significant, with p-value < 0.005 Moore et al. 2014 Moore et al. , 2015 . However, neither of the isolated populations in our study were exposed to harvest. Lower competition as a result of low density may have reduced pressure on males to disperse (Costello et al. 2008) , or habitat fragmentation (Clark and Smith 1994) may have restricted movement in these populations.
Female philopatry
In high-density populations, dispersal reduces competition with conspecifics (Bowler and Benton 2005; Levin and Kerster 1969; Matthysen 2005 ). We did not detect evidence of philopatry in the empirical high-density populations (OK, OZ, and TN), suggestive of a fitness benefit for dispersers. There is likely a limit to the number of female offspring that can establish home ranges close to the maternal home range; thus, the level of realized female fitness may determine whether female offspring obtain fitness benefits by dispersing from their natal range. We found stronger evidence of spatial genetic structure in recent than in historic populations (Fig. 2) . Remaining near the maternal home range may provide an advantage in food acquisition, particularly in novel environments where females can acquire knowledge about local food availability from their mothers (Rogers 1987) . However, our empirical data suggest that this benefit exists only up to a distance of 3-6 km, similar to Costello et al. (2008) , who found that female spatial genetic structure was limited to approximately 6 km in black bears in New Mexico.
Overall, our results support a growing body of evidence demonstrating variability in female philopatry in black bears. There were exceptions to the trends mentioned above, specifically: the high-density population OU displayed female spatial genetic structure (Table 2 and Fig. 3i) ; and two recent populations lacked detectable female spatial genetic structure (BSF and OK; Table 2 and Figs. 3a, e) . Further, distance between female parent-offspring pairs ranged from 0 to 27 km, suggesting large variation in dispersal distances. In the Lower Peninsula of Michigan, 21% of female black bears dispersed an average of 48.9 km and up to 187 km (Moore et al. 2014 ) and female brown bears have dispersed long distances in recent populations (Jerina and Adamic 2008) ; therefore, significant variation in dispersal distance for female bears exists. Thus, philopatry is not the sole dispersal strategy for female black and brown bears (Costello et al. 2008; Moore et al. 2014) . Having flexibility in dispersal patterns may confer fitness benefits, particularly in a generalist species that exists in a varied and complex landscape matrix.
Caveats, limitations, and future research
Different sampling schemes and methodologies for home range estimation can influence landscape genetic inferences Oyler-McCance et al. 2012; Wagner and Fortin 2005) and may have influenced our empirical findings. However, we think that bias was unlikely to strongly influence our results because the geographic location of samples was not likely to be systematically biased in a particular direction within populations. For the analysis of spatial genetic structure, we note that populations with estimates similar to the simulated data (PM, MO-MO, MO-OZ) were sampled across the full extent of the landscape, whereas other populations were limited to a subset of the continuous bear habitat (Fig. 1) . Perhaps not surprisingly, simulations were less accurate when the sampling area was smaller compared to the full landscape (Figure S5A) ; thus, it is possible that spatial genetic structure may be overestimated for particularly small areas (Fig. 4b, d and Fig. S4 ). This has implications for our empirical results, as sampling at several sites was spatially limited, thus we may be overestimating the spatial structure, where full spatial sampling may show results more similar to the simulated values. Variation in sample size and bias in the sampled sex ratio could also contribute to observed differences between and within populations, particularly where sample sizes were low and individual variation is high (i.e. patterns are noisy) (Fig. 3) . However, simulations demonstrated that estimates were robust to decreasing proportions of individuals sampled ( Figure S5B ), as reported previously . As most of our data were analyzed separately for males and females, variation in the sampled sex ratios between populations would not be expected to bias comparisons between populations or sexes within a population.
Simulations helped to improve our understanding of empirically observed patterns and our ability to predict future distribution and sex ratio of populations. While we qualitatively assessed the effects of density, philopatry, and inbreeding, simulations that include a greater range of complexity to better reflect real systems should be considered. The goal would be to shift from qualitatively representing patterns from observed data to quantitatively representing data on the same scale (Fig. 4) . For example, considering density-dependent responses to resource availability and space use could improve our understanding of how competition influences dispersal (Pflüger and Balkenhol 2014) . In addition, our simulation models included movement based on IBD. While this is a first step in helping to qualitatively understand life-history mechanisms and the effects of density, philopatry, and inbreeding, future simulations (and empirical analyses) could include a wider range of landscape genetics analyses, including movement linked to more complex landscape resistance scenarios, gene flow from adjacent populations, and putatively adaptive loci associated with traits for migration and behavior responses. argued that high landscape resistance, particularly due to a patchy distribution of high quality habitat, could increase spatial genetic structure if dispersal among patches is limited, as compared to a landscape with even resistance, as in our simulation scenarios. Understanding the potential tradeoffs between population dynamics, density effects, and landscape influences is an exciting and promising future research area in landscape genetics.
Conclusions
We demonstrated evidence supporting sex-and populationspecific variation in dispersal by black bears and suggest that variation in this behavioral response is influenced by population density and additional, unsampled extrinsic factors. Overall, black bear forays into novel areas are likely to be male-biased due to the overall greater propensity and distances of male dispersal (Moore et al. 2014; Støen et al. 2006) , with spatial genetic structure more likely in females in these low-density areas. However, females can exhibit long distance dispersal and variable dispersal patterns (Moore et al. 2014; Schenk et al. 1998) , making rapid expansion and establishment of new populations possible. With many black bear populations increasing and recolonizing portions of their historic range, variation in dispersal will contribute to colonization patterns.
Variation in dispersal strategies among invasive species has similarly facilitated colonization in novel landscapes (Burton et al. 2010; Phillips et al. 2006) . Our study offers support for multiple dispersal strategies of a native large carnivore species and its potential for recolonization through population expansion or reintroduction. Condition-dependent dispersal strategies permit organisms to respond to environmental change and facilitate mobility across increasingly complex landscapes (Bowler and Benton 2005) . As habitat conditions are altered at increasing rates, the importance of understanding species range shifts has similarly increased (Princé and Zuckerberg 2015; Struebig et al. 2015) . The pattern-process modeling used here, in which observed data are compared with simulations, provides a framework with which to extend our findings to a wide range of species.
Data archiving
Genotypes from the Interior Highlands may be accessed at http://datadryad.org/resource/doi:10.5061/dryad.q405j. Genotypes from the Southern Appalachians, script for regression of slopes, and CDPOP input may be accessed at http://dx.doi.org/10.5061/dryad.pc053.
